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Abstract
We use confocal microscopy to directly visualize the formation and complex morphologies of
trapped non-wetting fluid ganglia within a model 3D porous medium. The wetting fluid continues
to flow around the ganglia after they form; this flow is characterized by a capillary number, Ca.
We find that the ganglia configurations do not vary for small Ca; by contrast, as Ca is increased
above a threshold value, the largest ganglia start to become mobilized and are ultimately removed
from the medium. By combining our 3D visualization with measurements of the bulk transport, we
show that this behavior can be quantitatively understood by balancing the viscous forces exerted
on the ganglia with the pore-scale capillary forces that keep them trapped within the medium. Our
work thus helps elucidate the fluid dynamics underlying the mobilization of a trapped non-wetting
fluid from a 3D porous medium.
PACS numbers:
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I. INTRODUCTION
Imbibition, the displacement of a non-wetting fluid from a porous medium by an immisci-
ble wetting fluid, is crucial to many technological applications, including aquifer remediation,
CO2 sequestration, and oil recovery. When the three-dimensional (3D) pore space is highly
disordered, the fluid displacement through it is complicated; this leads to the formation and
trapping of discrete ganglia of the non-wetting fluid within the porous medium [1–9]. Some
of this trapped non-wetting fluid becomes mobilized, and can ultimately become removed
from the medium, as the capillary number characterizing the continued flow of the wetting
fluid, Ca, is increased [10–14]. The pore-scale physics underlying this phenomenon remains
intensely debated. Visual inspection of the exterior of a porous medium, as well as some
simulations, suggest that as Ca increases, the ganglia are not immediately removed from the
medium; instead, they break up into smaller ganglia only one pore in size [15–17]. These
then remain trapped within the medium, becoming mobilized and removed only for large
Ca. By contrast, other simulations, as well as experiments on individual ganglia, suggest
that the ganglia do not break up; instead, all ganglia larger than a threshold size, which de-
creases with increasing Ca, become mobilized and removed [18–22]. The differences between
these conflicting pictures, such as the geometrical configurations of the trapped ganglia, can
have significant practical consequences: for example, smaller ganglia present a higher surface
area per unit volume, potentially leading to their enhanced dissolution in the wetting fluid
[23, 24]. This behavior impacts diverse situations ranging from the spreading of contami-
nants in groundwater aquifers to the storage of CO2 in brine-filled formations. Elucidating
the physics underlying ganglion trapping and mobilization is thus critically important; how-
ever, despite its enormous industrial relevance, a clear understanding of this phenomenon
remains lacking. Unfortunately, systematic experimental investigations of it are challenging,
requiring direct measurements of the pore-scale ganglia configurations within a 3D porous
medium, combined with measurements of the bulk transport through it, over a broad range
of flow conditions.
Here, we use confocal microscopy to directly visualize the formation and complex mor-
phologies of the trapped non-wetting fluid ganglia within a model 3D porous medium. The
ganglia vary widely in their sizes and shapes. Intriguingly, these configurations do not vary
for sufficiently small Ca; by contrast, as Ca increases above a threshold value ≈ 2 × 10−4,
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the largest ganglia start to become mobilized and removed from the medium. Both the size
of the largest trapped ganglion, and the total amount of trapped non-wetting fluid, decrease
with Ca. We do not observe significant effects of ganglion breakup in our experiments. By
combining our 3D visualization with measurements of the bulk transport properties of the
medium, we show that the variation of the ganglia configurations with Ca can instead be
quantitatively understood using a mean-field model balancing the viscous forces exerted on
the ganglia with the capillary forces that keep them trapped within the medium.
II. EXPERIMENTAL METHODOLOGY
We prepare model 3D porous media by lightly sintering dense, disordered packings of
hydrophilic glass beads, with radii a = 19 ± 1 µm, in thin-walled square quartz capillaries
of cross-sectional area A = 9 mm2. The packings have length L = 1 cm; they thus span
approximately 78 or 263 pores transverse to or along the imposed flow direction, respectively.
Scattering of light from the surfaces of the beads typically precludes direct observation of the
multiphase flow within the medium. We overcome this limitation by formulating Newtonian
fluids whose compositions are carefully chosen to match their refractive indices with that
of the glass beads [25]; the wetting fluid is a mixture of 91.4 wt% dimethyl sulfoxide and
8.6 wt% water, dyed with fluorescein, while the non-wetting oil is a mixture of aromatic
and aliphatic hydrocarbons (immersion liquid, Cargille, 5040). The dynamic viscosities of
the wetting fluid and the oil are µw = 2.7 mPa s and µo = 16.8 mPa s, respectively, as
measured using a stress-controlled rheometer. The densities of the wetting fluid and the oil
are ρw = 1.1 g cm
−3 and ρo = 0.83 g cm
−3, respectively. The two fluids are fully immiscible
over the experimental timescale; the interfacial tension between them is γ = 13.0 mN m−1,
as measured using a du Nou¨y ring. The contact angle between the wetting fluid and glass
in the presence of the oil is θ ≈ 5◦, as measured using confocal microscopy.
Prior to each experiment, a porous medium is evacuated under vacuum and saturated with
gaseous CO2, which is soluble in the wetting fluid; this procedure eliminates the formation of
trapped bubbles. We then saturate the pore space with the dyed wetting fluid; this enables
us to visualize it in 3D using a confocal microscope, as schematized in Figure 1(a). We
acquire 3D stacks of 39 optical slices parallel to the xy plane, at z positions at least several
bead diameters deep within the medium; the slices each span an area of 912 µm×912 µm in
3
the xy plane, are 7 µm thick, and are spaced by 8 µm along the z direction. We identify the
glass beads by their contrast with the dyed wetting fluid. To visualize the pore structure of
the entire medium, we acquire additional stacks, at the same z positions, but at multiple xy
locations spanning the entire width and length of the medium. The porosity of the packings,
measured using the 3D visualization, is φ = 0.41± 0.03.
We subsequently flow 15 pore volumes of the non-wetting oil at a prescribed volumetric
flow rate Qo = 1 mL h
−1 through the porous medium; this process is often referred to as
primary drainage. Because the oil is undyed, we identify it by its additional contrast with the
dyed wetting fluid in the imaged pore space. We then continuously flow the wetting fluid at a
prescribed flow rate Qw; this process is referred to as secondary imbibition. We characterize
the wetting fluid flow using the capillary number Ca ≡ µwQw/Aγ; by progressively varying
Qw over the range 10
−1− 103 mL h−1, we explore four decades of Ca ≈ 6× 10−7− 6× 10−3
in our experiments. The Reynolds number characterizing the pore-scale flow is given by
Re ≡ ρw(Q/φA)at/µw ≈ 8×10
−6−8×10−2, where at ≈ 0.16a is the typical radius of a pore
entrance, and therefore, our experiments are characterized by slow, viscous flow. The Bond
number characterizing the influence of gravity relative to capillary forces at the pore scale
is given by Bo ≡ g(ρw − ρo)a
2
t/γ ≈ 10
−6, indicating that gravity likely influences trapping
only above vertical length scales comparable to that of the entire medium. We therefore
neglect gravity from our subsequent theoretical analysis.
To visualize the dynamics of the fluid displacement during both primary drainage and
secondary imbibition, we repeatedly acquire a series of optical slices, at a fixed z position
several bead diameters deep within the medium, but at multiple xy locations spanning
the entire length of the medium. This procedure thus enables us to directly visualize the
multiphase flow, both at the scale of the individual pores and at the scale of the overall
medium.
The secondary imbibition leads to the formation of discrete oil ganglia, many of which
remain trapped within the pore space. To probe the ganglia configurations, we reacquire
a second set of 3D stacks at the same x, y, and z positions as the stacks obtained during
the initial characterization of the pore structure. By comparing the two sets of stacks, we
obtain the 3D morphologies of the trapped oil ganglia at sub-pore resolution. We restrict
our analysis to an area several beads away from each edge of the medium to minimize
boundary effects. To explore the variation of the ganglia configurations with the imposed
4
flow conditions, we increase Qw in increments. For each value of Qw, we flow > 13 pore
volumes of the wetting fluid, thus establishing a new steady state, before reacquiring an
additional set of 3D stacks. By again comparing each set of stacks with that obtained
during the initial pore structure characterization, we obtain the 3D morphologies of the oil
ganglia left trapped at each Ca.
To quantify the bulk transport behavior, we use differential pressure sensors to measure
the pressure drop ∆P across a porous medium constructed in a manner similar to that used
for the 3D visualization. We first saturate the medium with the wetting fluid and varyQw; by
measuring the proportionate variation in ∆P , we determine the single-phase permeability of
the medium, k ≡ µw(QwL/A)/∆P = 1.67 µm
2. The permeability of a disordered packing of
monodisperse spheres is typically estimated using the Kozeny-Carman relation, k = 1
45
φ3a2
(1−φ)2
[26]; this yields k = 1.59 µm2, in excellent agreement with our measured value. We then
flow the oil, and reflow the wetting fluid, through the porous medium, following the same
procedure as that used for the 3D visualization. The oil trapped after secondary imbibition
occludes some of the pore space, modifying the flow through it; this reduces the wetting fluid
permeability to a value κk, where κ ≤ 1 is known as the end-point relative permeability. For
each Ca investigated, we flow > 13 pore volumes of the wetting fluid at its corresponding
Qw, and then measure ∆P at Qw = 10
−1 mL h−1. Comparing ∆P with that measured
during single-phase flow at Qw = 10
−1 mL h−1 directly yields κ.
III. RESULTS AND DISCUSSION
A. Dynamics of multiphase flow
To mimic the migration of a non-wetting fluid into a geological formation, we first drain
the 3D porous medium, initially saturated with the dyed wetting fluid, with the undyed
non-wetting oil at Qo = 1 mL h
−1. The oil displaces the wetting fluid through a series of
intermittent, abrupt bursts into the pores; this indicates that a threshold capillary pressure
difference must build up in the oil before it can invade a pore [27, 28]. This pressure is
given by 2γ cos θ/at, where at ≈ 0.16a is the typical radius of a pore entrance [5, 29–36].
Because the packing of the beads is disordered, at varies from pore to pore, forcing the
path taken by the invading oil to similarly vary spatially, as exemplified by the optical
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FIG. 1: (a) Schematic of primary drainage through a model 3D porous medium. We directly
visualize the flow within the medium using confocal microscopy. The pore space is initially satu-
rated with the fluorescently-dyed wetting fluid, which is displaced by the undyed non-wetting oil.
(b) Optical section through part of the medium, taken as the oil displaces the wetting fluid at
Qo = 1 mL h
−1. Section is obtained at a fixed z position, away from the lateral boundaries of the
medium. Bright areas show the pore space, saturated with the fluorescently-dyed wetting fluid,
and the black circles show cross-sections of the beads making up the medium. Additional black
areas show the invading oil. The path taken by the oil varies spatially, as seen in the region spanned
by the arrow. (c) Optical section through the same part of the medium, taken after invasion by
≈ 9 pore volumes of the oil. Some wetting fluid remains trapped in the crevices and pores of the
medium, as indicated. (d) Time sequence of zoomed confocal micrographs, with the pore space
subtracted; binary images thus show oil in black as it bursts into the pores. Time stamp indicates
time elapsed after subtracted frame. Upper and lower arrows in the last frame show wetting fluid
trapped in a crevice or in a pore, respectively. Scale bars in (b-c) and (d) are 500 µm and 200 µm,
respectively. Imposed flow direction in all images is from left to right.
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FIG. 2: (a) Schematic of secondary imbibition through a model 3D porous medium. We directly
visualize the flow within the medium using confocal microscopy. The fluorescently-dyed wetting
fluid displaces the undyed non-wetting oil. (b) Optical section through part of the medium, taken
as the wetting fluid displaces the oil at Ca = 6.4 × 10−7. Section is obtained at the same fixed
z position, away from the lateral boundaries of the medium, as in Figure 1(b-c). Bright areas
show the fluorescently-dyed wetting fluid, and the black circles show cross-sections of the beads
making up the medium. Additional black areas show the oil. The wetting fluid first snaps off oil in
crevices throughout the medium, as seen in the region spanned by the double-headed arrow, and
then bursts into the pores of the medium, starting at the inlet, as seen in the region spanned by
the single-headed arrow. Some oil ganglia remain trapped within the medium, as indicated. (c-d)
Time sequence of zoomed confocal micrographs, with the oil-filled pore space subtracted; binary
images thus show wetting fluid in white as it (c) initially snaps off oil in the crevices, and then (d)
invades the pores. Time stamps indicate time elapsed after subtracted frame. Last frame shows
unchanging steady state; arrow indicates a trapped oil ganglion. Scale bars in (b) and (c-d) are
500 µm and 200 µm, respectively. Imposed flow direction in all images is from left to right.
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sections in Figures 1(b) and (d) [37–41]. Consequently, the interface between the oil and
the displaced wetting fluid interface is ramified [tip of the arrow in Figure 1(b)]. As the
oil continues to drain the medium, it eventually fills most of the pore space, as shown in
Figure 1(c); however, the smallest pores remain filled with the wetting fluid [rightmost
indicator in Figure 1(c) and lower arrow in Figure 1(d)]. Thin layers of the wetting fluid,
≈ 1 µm thick, remain trapped in the crevices of the medium, surrounding the oil in the
pores [leftmost indicator in Figure 1(c) and upper arrow in Figure 1(d)]. This observation
provides direct confirmation of the predictions of a number of theoretical calculations and
numerical simulations [6, 8, 9, 42–52].
To investigate the dynamics of secondary imbibition, we then flow the wetting fluid
continuously at Ca = 6.4 × 10−7. The presence of the thin layers of the wetting fluid
profoundly changes the flow dynamics: unlike the case of primary drainage, the invading
fluid does not simply burst into the pores. Instead, we observe that the wetting fluid first
flows through the thin layers, snapping off the oil in crevices throughout the entire medium
[53–55] over a period of approximately 60 s, as seen in the region spanned by the double-
headed arrow in Figure 2(b) and in the time sequence shown in Figure 2(c). This behavior
agrees with the predictions of recent numerical simulations [56]. The wetting fluid then also
begins to invade the pores through a series of intermittent, abrupt bursts, starting from the
inlet, as seen in the region spanned by the single-headed arrow in Figure 2(b) and in the
time sequence shown in Figure 2(d). Interestingly, as the wetting fluid invades the medium,
it bypasses many of the pores, leaving discrete oil ganglia of varying sizes in its wake. Many
of these ganglia remain trapped within the pore space, as indicated in Figure 2(b).
B. Trapped oil ganglia configurations
We use our confocal micrographs to measure the total amount of oil trapped within the
porous medium; this is quantified by the residual oil saturation, Sor ≡ Vo/φV , where Vo is
the total volume of oil imaged within a region of volume V . After secondary imbibition at
Ca = 6.4× 10−7, we find Sor ≈ 9%, similar to the results of some previous experiments on
bead packs [14]. To mimic discontinuous core-flood experiments on reservoir rocks, we then
explore the variation of Sor in response to progressive increases in the wetting fluid Ca. We
find that Sor does not vary significantly for sufficiently small Ca; however, as Ca is increased
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FIG. 3: Residual oil saturation Sor, normalized by its maximum value, does not vary significantly
for small wetting fluid capillary number Ca, but decreases precipitously as Ca increases above
2× 10−4 (dashed grey line). Residual oil saturation is measured using 3D confocal micrographs.
above 2 × 10−4, Sor decreases precipitously, as shown in Figure 3, ultimately reaching only
≈ 7% of its initial value. These results are consistent with the results of previous core-
flood experiments, which show similar behavior for fluids of a broad range of viscosities and
interfacial tensions [14]. The measured threshold value of Ca is also consistent with the
results of some numerical simulations [22].
To better understand this behavior, we inspect the reconstructed 3D morphologies of the
individual ganglia for each Ca investigated. At the smallest Ca ≈ 6× 10−7 − 2× 10−4, the
ganglia morphologies vary widely, as exemplified by the 3D renderings shown in Figure 4.
The smallest ganglia are spherical, only occupying single pores, and span ≈ 0.3 beads in
size [left, Figure 4]; in stark contrast, the largest ganglia are ramified, occupying multiple
pores, and span many beads in size [right, Figure 4]. To quantify the significant variation
in their morphologies, we measure the length L of each ganglion along the flow direction,
and plot 1-CDF(L), where CDF =
∑L
0 Lp(L)/
∑
∞
0 Lp(L) is the cumulative distribution
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FIG. 4: 3D renderings of oil ganglia trapped after secondary imbibition at Ca = 6.4 × 10−7. The
left ganglion is spherical and only spans ≈ 0.3 beads in diameter, whereas the right ganglion is
more ramified and spans multiple beads. Renderings are produced using 3D confocal micrographs.
function of ganglia lengths and p(L) is the number fraction of ganglia having a length L.
Consistent with the variability apparent in the 3D renderings, we find that the ganglia
lengths are broadly distributed, as indicated by the circles in Figure 5. Interestingly, in
agreement with recent X-ray microtomography experiments [57–59], we find that the decay
of this distribution is consistent with a power law, 1-CDF(L) ∝ L−3.5 [solid line in Figure 5],
as predicted by percolation theory [Appendix 1]. Moreover, we find that the largest trapped
ganglion has a length Lmax ≈ 13 bead diameters [arrow in Figure 5]; while we cannot
exclude the influence of boundary effects or the limited imaging volume, this value is in
good agreement with the prediction of percolation theory incorporating a non-zero viscous
pressure: Lmax ≈ α(a
2Ca/κk)−ν/(1+ν) ≈ 9α bead diameters, where ν ≈ 0.88 is a scaling
exponent obtained from numerical simulations [60], α is a constant of order unity, and we
use the value of κ measured at the lowest Ca [60, 61]. Taken together, these results suggest
that the configurations of the ganglia left trapped after secondary imbibition are consistent
with the predictions of percolation theory.
As Ca increases, we do not observe significant effects of ganglia breakup; this observation
is contrary to some previous suggestions [16], and confirms the predictions of other numerical
simulations [20, 62]. Instead, the ganglia configurations remain the same for all Ca < 2×10−4
[◦, , and × in Figure 5]. Moreover, we find that the largest ganglia start to become
mobilized and removed from the porous medium, concomitant with the observed decrease
in Sor, once Ca increases above 2 × 10
−4 [Figure 5]. We quantify this behavior by plotting
the variation of Lmax with Ca. While Lmax remains constant at small Ca, it decreases
precipitously as Ca increases above 2×10−4, as shown by the circles in Figure 6. Remarkably,
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FIG. 5: Complementary cumulative distribution functions 1-CDF of ganglia lengths L, measured
along the flow direction using 3D confocal micrographs, after secondary imbibition at a range of
wetting fluid capillary numbers Ca. Solid line shows ∼ L−3.5 scaling. Arrow indicates maximum
ganglion length Lmax at the lowest Ca = 6.41 × 10
−7.
this behavior closely mimics the observed variation of Sor with Ca [Figure 3]. These results
thus suggest that the variation of Sor with increasing Ca is not determined by the breakup
of the trapped ganglia; instead, it may reflect the mobilization and removal of the largest
ganglia from the medium.
C. Physics of ganglion mobilization
To test this hypothesis, we analyze the distribution of pressures in the wetting fluid as it
flows through the porous medium. Motivated by previous studies of this flow [12, 18, 63, 64],
we make the mean-field assumption that the viscous pressure drop across a ganglion of length
L is given by Darcy’s law,
Pv =
µw
κk
Qw
A
L (1)
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FIG. 6: Variation of maximum trapped oil ganglion length Lmax, measured along the flow direction
using 3D confocal micrographs, and 2.5 times the theoretical L∗, calculated using Eq. (3.3), with
the wetting fluid capillary number Ca. Similar to the variation of the residual oil saturation Sor,
shown in Figure 3, Lmax does not vary significantly for small wetting fluid capillary number Ca,
but decreases precipitously as Ca increases above 2× 10−4 (dashed grey line). Both Lmax and L
∗
do not scale as ∼ Ca−1, indicated by the solid line.
The end-point relative permeability κ ≤ 1 quantifies the modified transport through the
medium due to the presence of the trapped oil. To determine Pv at each Ca investigated, we
directly measure the variation of κ with Ca for a porous medium constructed in a manner
similar to, and following the same flow procedure as, that used for visualization of the ganglia
configurations. Interestingly, κ does not vary significantly for sufficiently small Ca; however,
as Ca increases above 2×10−4, κ quickly increases, concomitant with the observed decreased
in Sor, as shown in Figure 7. This observation suggests that the bulk transport behavior
of the medium depends strongly on the trapping of oil within it. To quantify the close link
between the variation of κ and Sor with Ca [14], we plot κ as a function of the wetting
fluid saturation, 1 − Sor. Consistent with our expectation [65], we find that κ increases
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FIG. 7: Variation of wetting fluid end-point relative permeability κ, measured using pressure
transducers, with the wetting fluid capillary number Ca. Similar to the variation of the residual
oil saturation Sor, shown in Figure 3, κ does not vary significantly for small wetting fluid capillary
number Ca; however, it increases dramatically as Ca increases above 2× 10−4 (dashed grey line).
monotonically with increasing wetting fluid saturation, as shown in Figure 8.
For a ganglion to squeeze through the pores of the medium, it must simultaneously
displace the wetting fluid from a downstream pore, and be displaced by the wetting fluid
from an upstream pore. To displace the wetting fluid from a downstream pore, a threshold
capillary pressure must build up at the pore entrance, as schematized by the right set of
arrows in Figure 9; this threshold is given by Pt = 2γ cos θ/at, where at is the radius of
the pore entrance [6, 29–34], with an average value ≈ 0.16a for a 3D packing of glass beads
[35, 36]. Similarly, for the trapped oil to be displaced from an upstream pore, the capillary
pressure within the pore must fall below a threshold, as schematized by the left set of arrows
in Figure 9; this threshold is given by Pb = 2γ cos θ/ab, where ab is instead the radius of
the pore itself, with an average value ≈ 0.24a [35, 36]. Thus, to mobilize a ganglion and
ultimately remove it from the porous medium, the total viscous pressure drop across it must
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FIG. 8: Variation of wetting fluid end-point relative permeability κ, measured using pressure
transducers, with the saturation of wetting fluid in the pore space, 1 − Sor. We find that κ
increases monotonically as the amount of trapped oil is decreased.
exceed a capillary pressure threshold,
Pt − Pb =
2γ cos θ
ab
(
ab
at
− 1
)
(2)
Balancing Eqs. (1) and (2), we therefore expect that [66], at a given Ca, the smallest
ganglia remain trapped within the medium, while the viscous pressure in the wetting fluid
is sufficiently large to mobilize all ganglia larger than
Lmax = L
∗
≡
2 cos θ
Ca
(
ab
at
− 1
)
κk
ab
(3)
To critically test this prediction, we compare the variation of both Lmax, directly measured
using confocal microscopy, and L∗, calculated using the measured values of θ, k, and κ,
with Ca. For small Ca, we find Lmax < L
∗, as shown by the first three points in Figure 6;
this indicates that the viscous pressure in the wetting fluid is too small to mobilize any
ganglia. Consequently, Sor does not vary significantly for this range of Ca, consistent with
14
FIG. 9: 2D schematic showing an oil ganglion (orange) trapped within the pore space, with wetting
fluid flowing from left to right; beads are shown by white circles. Dashed lines show threshold
curvatures required for the ganglion to invade the downstream pores or be displaced from the
upstream pores.
the measurements shown in Figure 3. As Ca increases, Lmax remains constant; however, L
∗
steadily decreases, eventually becoming comparable to Lmax at Ca ≈ 2 × 10
−4, shown by
the dashed line in Figure 6. Strikingly, as Ca increases above this value, we find that both
Lmax and L
∗ decrease in a similar manner, with Lmax ≈ 2.5L
∗; this indicates that the viscous
pressure in the wetting fluid is sufficient to mobilize and remove more and more of the largest
ganglia. Consequently, we expect Sor to also decrease with Ca in this range, in excellent
agreement with our measurements [Figure 3]. The similarity in the variation of Lmax and
Sor with Ca, and the close agreement between our measured Lmax and the predicted L
∗
for Ca > 2 × 10−4, thus confirm that the reduction in Sor reflects the mobilization of the
largest ganglia. Finally, we note that, due to the concomitant variation of the wetting
fluid permeability with Ca, the measured Lmax does not decrease as Ca
−1 [solid line in
Figure 6]; this is in contradiction to results obtained for an isolated ganglion [18], for which
the permeability is a constant, which are often assumed to also apply to a population of
many ganglia.
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IV. CONCLUSIONS
Using confocal microscopy, we directly visualize the dynamics of primary drainage and
secondary imbibition, as well as the intricate morphologies of the resultant trapped non-
wetting fluid ganglia, within a 3D porous medium, at pore-scale resolution. During imbibi-
tion, the wetting fluid first flows through thin layers coating the solid surfaces, snapping off
the non-wetting fluid in crevices throughout the medium. It then displaces the non-wetting
fluid from the pores of the medium through a series of intermittent, abrupt bursts, starting
from the inlet, leaving ganglia of the non-wetting fluid in its wake. These vary widely in their
sizes and shapes, consistent with the predictions of percolation theory. We do not observe
significant effects of ganglion breakup, contrary to some previous suggestions. Instead, for
small Ca, the ganglia configurations do not appreciably change; this likely reflects the fact
that the ganglia sizes, and hence the viscous pressure drops across them, are limited, con-
sistent with the predictions of percolation theory incorporating a non-zero viscous pressure
gradient. However, as Ca is increased above a threshold value, more and more of the largest
ganglia become mobilized and removed from the medium. By coupling the 3D visualization
and bulk transport measurement, we show that the variation of the ganglia configurations
can be understood by balancing the viscous forces exerted on the ganglia with the pore-scale
capillary forces that keep them trapped within the medium. This work thus helps elucidate
the fluid dynamics underlying the mobilization of a trapped non-wetting fluid from a 3D
porous medium.
Our results provide direct visualization of the multiphase flow and the ganglia configura-
tions within a 3D porous medium; moreover, they highlight the applicability of mean-field
ideas in understanding the mobilization of the trapped non-wetting fluid. This work may
thus help guide theoretical models or numerical simulations (e.g. [67, 68]). Moreover, be-
cause many geophysical flows give rise to residual trapping, we expect that our work will
be relevant to a number of important applications, including enhancing oil recovery, under-
standing the distribution of contaminants in groundwater aquifers, or the storage of CO2 in
sub-surface formations.
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V. APPENDIX
Percolation theory predicts that the number fraction of ganglia with volume s is, for
large s, given by p(s) ∝ s−τ , where τ ≈ 2.2 is a scaling exponent [69–71]. Moreover,
the volume of a ganglion is related to its length by the relation s ∝ L3/(τ−1). Combining
these two relations yields p(L) ∝ L−3τ/(τ−1), and therefore, Lp(L) ∝ L−3τ/(τ−1)+1. In our
experiments, we measure the complementary cumulative distribution function of ganglia
lengths, 1-CDF(L) =
∑
∞
L Lp(L)/
∑
∞
0 Lp(L) ∝ L
−3τ/(τ−1)+2 ∝ L−3.5 for τ ≈ 2.2. This
prediction is in good agreement with the large L tail of our data, as shown by the solid line
in Figure 5.
[1] W. Rose and P. A. Witherspoon, Studies of waterflood performance II: trapping oil in a
pore doublet. Ill. State Geological Survey 224, 3 (1956).
[2] E. F. Herbeck, R. C. Hemtz, and J. R. Hastings, Fundamentals of tertiary oil recovery.
Pet. Engineer 48, 33 (1976).
[3] A. C. Payatakes, Dynamics of oil ganglia during immiscible displacement in water-wet
porous media. Annu. Rev. Fluid Mech. 14, 365 (1982).
[4] I. Chatzis and F. A. L. Dullien, Application of the theory of percolation for a model of
drainage in porous media and relative permeability of injected non-wetting fluids. Oil Gas
Sci. Technol. Rev. IFP 37, 183 (1982).
[5] R. Lenormand, C. Zarcone, and A. Sarr, Mechanisms of the displacement of one fluid
by another in a network of capillary ducts. J. Fluid Mech. 135, 337 (1983).
17
[6] R. Lenormand, E. Touboul, and C. Zarcone, Numerical models and experiments on
immiscible displacements in porous media. J. Fluid Mech. 189, 165 (1988).
[7] G. R. Jerauld and S. J. Salter, The effect of pore-structure on hysteresis in relative
permeability and capillary pressure: pore-level modeling. Transp. Porous Med. 5, 103 (1990).
[8] M. J. Blunt and H. Scher, Pore-level modeling of wetting. Phys. Rev. E 52, 6387 (1995).
[9] M. J. Blunt, M. D. Jackson, M. Piri, and P. H. Valvatne, Detailed physics, predictive
capabilities and macroscopic consequences for pore-network models of multiphase flow. Adv.
Water Resour. 25, 1069 (2002).
[10] J. J. Tabor, Dynamic and static forces required to remove a discontinuous oil phase from
porous media containing both oil and water. Soc. Pet. Eng. J. 9, 3 (1969).
[11] G. L. Stegemeier, Improved oil recovery by surfactant and polymer flooding . Academic Press
(1977).
[12] I. Chatzis, N. R. Morrow, and H. T. Lim, Magnitude and detailed structure of residual
oil saturation. Soc. Petrol. Eng. J. 23, 311 (1983).
[13] F. A. Dullien, Porous Media: Fluid Transport and Pore Structure, 2nd edition, Academic
Press (1991).
[14] N. R. Morrow, I. Chatzis, and J. J. Taber, Entrapment and mobilization of residual
oil in bead packs. SPE Reservoir Engineering 3, 927 (1988).
[15] A. C. Payatakes, K. M. Ng, and R. W. Flummerfelt, Oil ganglia dynamics during
immiscible displacement. model formulation. AIChE J. 26, 430 (1980).
[16] N. C. Wardlaw and M. Mckellar, Oil blob populations and mobilization of trapped oil
in unconsolidated packs. Can. Soc. Chem. Eng. 63, 525 (1985).
[17] L. Zhong, A. Mayer, and R. J. Glass, Visualization of surfactant-enhanced nonaqueous
phase liquid mobilization and solubilization in a two-dimensional micromodel. Water Resour.
Res. 37, 523 (2001).
[18] K. M. Ng, H. T. Davis, and L. E. Scriven, Visualization of blob mechanics in flow
through porous media. Chem. Eng. Sci. 33, 1009 (1978).
[19] R. G. Larson, L. E. Scriven, and H. T. Davis, Percolation theory of residual phases in
porous media. Nature 268, 409 (1977).
[20] K. M. Ng and A. C. Payatakes, Stochastic simulation of the mobilization, breakup and
stranding of oil ganglia in water-wet granular porous media during immiscible displacement.
18
AIChE J. 26, 419 (1980).
[21] R. G. Larson, H. T. Davis, and L. E. Scriven, Displacement of residual non-wetting
fluid from porous media. Chem. Eng. Sci. 36, 75 (1981).
[22] P. Amili and Y. C. Yortsos, Darcian dynamics: a new approach to the mobilization of a
trapped phase in porous media. Transp. Porous Media 64, 25 (2006).
[23] P. T. Imhoff, P. R. Jaffe, and G. F. Pinder, An experimental study of complete
dissolution of a nonaqueous phase liquid in saturated porous media. Water Resour. Res. 30,
307 (1994).
[24] N. A. Sahloul, M. A. Ioannidis, and I. Chatzis, Dissolution of residual non-aqueous
phase liquids in porous media: pore-scale mechanisms and mass transfer rates. Adv. Water
Resour. 25, 33 (2002).
[25] A. T. Krummel, S. S. Datta, S. Muenster, and D. A. Weitz, Visualizing multiphase
flow and trapped fluid configurations in a model three-dimensional porous medium. AIChE J.
59, 1022 (2013).
[26] A. P. Philipse and C. Pathmamanoharan, Liquid permeation (and sedimentation) of
dense colloidal hard-sphere packings. J. Colloid Interface Sci. 159, 96 (1993).
[27] M. Singh and K. K. Mohanty, Dynamic modeling of drainage through three-dimensional
porous materials. Chem. Eng. Sci. 58, 1 (2003).
[28] S. S. Datta and D. A. Weitz, Drainage in a model stratified porous medium. EPL 101,
14002 (2013).
[29] R. P. Mayer and R. A. Stowe, Mercury porosimetry-breakthrough pressure for penetra-
tion between packed spheres. J. Colloid Interface Sci. 20, 893 (1965).
[30] H. M. Princen, Capillary phenomena in assemblies of parallel cylinders. I. Capillary rise
between two cylinders. J. Colloid Interface Sci. 30, 69 (1969).
[31] H. M. Princen, Capillary phenomena in assemblies of parallel cylinders. I. Capillary rise in
systems with more than two cylinders. J. Colloid Interface Sci. 30, 359 (1969).
[32] H. M. Princen, Capillary phenomena in assemblies of parallel cylinders. III. Liquid columns
between horizontal parallel cylinders. J. Colloid Interface Sci. 34, 171 (1970).
[33] G. Mason and N. Morrow, Meniscus displacement curvatures of a perfectly wetting liquid
in capillary pore throats formed by spheres. J. Colloid Interface Sci. 109, 46 (1986).
[34] P. G. Toledo, L. E. Scriven, & H. T. Davis, Equilibrium and stability of static interfaces
19
in biconical pore segments. SPE Form. Eval. 9, 46 (1994).
[35] R. Al-Raoush, Extraction of physically-realistic pore network properties from three-
dimensional synchrotron microtomography images of unconsolidated porous media. PhD the-
sis, Louisiana State University (2002).
[36] K. E. Thompson, C. S. Willson, C. D. White, S. Nyman, J. Bhattacharya, and
A. H. Reed, Application of a new grain-based reconstruction algorithm to microtomography
images for quantitative characterization and flow modeling. SPE 95887 (2005).
[37] R. Lenormand and C. Zarcone, Invasion percolation in an etched network: measurement
of a fractal dimension. Phys. Rev. Lett. 54, 2229 (1985).
[38] N. Martys, M. Cieplak, and M. O. Robbins, Critical phenomena in fluid invasion of
porous media. Phys. Rev. Lett. 66, 1058 (1991).
[39] K. J. Maloy, L. Furuberg, J. Feder, and T. Jossang, Gravity invasion percolation in
two dimensions: experiment and simulation. Phys. Rev. Lett. 68, 2161 (1992).
[40] B. Xu, Y. C. Yortsos, and D. Salin, Invasion percolation with viscous forces. Phys. Rev.
E 57, 739 (1998).
[41] L. Xu, S. Davis, A. B. Schofield, & D. A. Weitz, Dynamics of drying in 3D porous
media. Phys. Rev. Lett. 101, 094502 (2008).
[42] C. E. Diaz, I. Chatzis, and F. A. L. Dullien, Simulation of capillary pressure curves
using bond correlated site percolation on a simple cubic network. Transp. Porous Media 2,
215 (1987).
[43] R. G. Hughes and M. J. Blunt, Pore scale modeling of rate effects in imbibition. Transp.
Porous Media 40, 295 (2000).
[44] N. A. Idowu and M. J. Blunt, Pore-scale modeling of rate effects in water-flooding. Transp.
Porous Media 83, 151 (2010).
[45] K. Mogensen and E. H. Stenby, A dynamic two-phase pore-scale model of imbibition.
Transp. Porous Media 32, 299 (1998).
[46] M. J. Blunt, Pore level modeling of the effects of wettability. SPE J. 2, 70 (1997).
[47] M. J. Blunt, Physically-based network modeling of multiphase flow in intermediate-wet
porous media. J. Pet. Sci. Eng. 20, 117 (1998).
[48] M. J. Blunt, and M. J. King, and H. Scher, Simulation and theory of two-phase flow
in porous media. Phys. Rev. A 46, 7680 (1992).
20
[49] G. N. Constantinides and A. Payatakes, Effects of precursor wetting films in immiscible
displacement through porous media. Transp. Porous Media 38, 291 (2000).
[50] P. E. Oren, S. Bakke, O. J. Arntzen, Extending predictive capabilities to network
models. SPE J. 3, 324 (1998).
[51] T. W. Patzek, Verification of a complete pore network simulator of drainage and imbibition.
SPE J. 6, 144 (2001).
[52] T. S. Ramakrishnan and D. T. Wasan, Two-phase distribution in porous media: An
application of percolation theory. Int. J. Multiphase Flow 12, 357 (1986).
[53] K. K. Mohanty, H. T. Davis, and L. E. Scriven, Physics of oil entrapment in water-wet
rock. SPE Res. Eng. 2, 113 (1987).
[54] J. G. Roof, Snap-off of oil droplets in water-wet pores. Soc. Pet. Eng. J. 10, 85 (1970).
[55] L. Yu and N. C. Wardlaw, The influence of wettability and critical pore-throat size ratio
on snap-off. J. Colloid Interface Sci. 109, 461 (1986).
[56] V. H. Nguyen, A. P. Sheppard, M. A. Knackstedt, and V. W. Pinczewski, The
effect of displacement rate on imbibition relative permeability and residual saturation. J. Pet.
Sci. Eng. 52, 54 (2006).
[57] S. Iglauer, S. Favretto, G. Spinelli, G. Schena, and M. J. Blunt, X-ray tomography
measurements of power-law cluster size distributions for the non-wetting phase in sandstones.
Phys. Rev. E 82, 056315 (2010).
[58] S. Iglauer, M. A. Ferno, P. Shearing, and M. J. Blunt, Comparison of residual oil
cluster size distribution, morphology and saturation in oil-wet and water-wet sandstone. J.
Colloid Interface Sci. 375, 187 (2012).
[59] A. Georgiadis, S. Berg, A. Makurat, G. Maitland, and H. Ott, Pore-scale micro-
computed-tomography imaging: Nonwetting-phase cluster-size distribution during drainage
and imbibition. Phys. Rev. E 88, 033002 (2013).
[60] D. Wilkinson, Percolation model of immiscible displacement in the presence of buoyancy
forces. Phys. Rev. A 30, 520 (1984).
[61] We note that this theoretical prediction does not incorporate the effects of ganglion breakup,
consistent with our experimental observations; it also does not explicitly incorporate the effects
of interactions between the different ganglia.
[62] It is unclear why we do not observe significant ganglion breakup in our experiments. This
21
process may depend sensitively on the geometry of the pore space; for example, it may be
appreciable in more disordered pore spaces that are characterized by larger pore body/pore
throat aspect ratios.
[63] S. S. Datta, H. Chiang, T. S. Ramakrishnan, and D. A. Weitz, Spatial fluctuations
of fluid velocities in flow through a three-dimensional porous medium. Phys. Rev. Lett. 111,
064501 (2013).
[64] I. I. Gardesu, Trans. AIME 86, 351 (1930).
[65] T. S. Ramakrishnan and D. T. Wasan, Effect of capillary number on the relative per-
meability function for two-phase flow in porous media. Powder Technology 48, 99 (1986).
[66] For simplicity, we only consider viscous and capillary forces. Including other factors into this
picture would be a useful direction for future work.
[67] T. S. Ramakrishnan, Application of fractional flow theory to high pH flooding. PhD thesis,
IIT Chicago (1985).
[68] M. Tyagi, and P. Jenny, Probability density function approach for modelling multi-phase
flow with ganglia in porous media. J. Fluid Mech. 688, 219 (2011).
[69] D. S. Gaunt, Percolation exponent for lattice dimensionality d ≥ 3. J. Phys. A: Math. Gen.
10, 807 (1977).
[70] J. Hoshen, D. Stauffer, G. H. Bishop, R. J. Harrison, and G. D. Quinn, Monte
carlo experiments on cluster size distribution in percolation. J. Phys. A: Math. Gen. 12, 1285
(1979).
[71] D. Stauffer, Scaling theory of percolation clusters. Phys. Rep. 54, 1 (1979).
22
